ABSTRACT: Soil structure plays an important role in water retention, infiltration capacity, porosity, and penetration resistance. The aim of this study was to evaluate the unsaturated hydraulic conductivity and physical properties of Oxisol soils (bulk density and macro-, micro-, and total porosity) in the structures identified using the profil cultural method in areas under two different management practices (perennial pasture and sugarcane). Three pits were dug in each plot to find out how homogeneous morphological structural units (HMSU) were organized in the soil. Next, unsaturated hydraulic conductivity (Ki) was measured in situ inside each HMSU using a triple-ring infiltrometer at multiple suction. Six samples were collected (two samples for each kind of structural organization in each pit) to determine soil bulk density, total porosity, and macro-and microporosity. Each management practice resulted in a distribution of structures in the soil profile. The behavior of morphologically similar clods was the same, regardless of the physical manipulation of the soil. The distribution of structures based on the management practice determines specific hydraulic conductivities in the soil profile.
INTRODUCTION
It is known that soil structure plays an important role in water retention, infiltration capacity, soil porosity and resistance to penetration, gas exchange, nutrient uptake, and crop yields (Bingham et al., 2010; Munkholm et al., 2013; Mentges et al., 2016; Reichert et al., 2016) . It is important, therefore, to consider that this role of structure becomes increasingly important when there is fair balance between the processes of order and dissipation. This balance is fundamental to the sustainability of agricultural systems, which, according to Addiscott (1995) , are thermodynamically open and tend towards equilibrium and are characterized by minimal entropy production.
In agricultural systems, the structural modification of the soil induced by mechanized agriculture or grazing does not generally affect the volume of the Ap horizon in a homogeneous manner. The cultivated layer is subject to considerable spatial variability, unlike horizons that are not usually affected by tillage (Neves et al., 2003; Fuentes-Llanillo, 2013; Gonçalves et al., 2013; Tavares Filho et al., 2014; Boizard et al., 2016) . This variability often allows plants to grow in compacted soils, taking advantage of the flow of water and gas through structural discontinuities (cracks) that also allow root growth (Neves et al., 2003; Reichert et al., 2016) . Thus, understanding the dynamics of soil physical properties is improved by using soil properties (such as soil bulk density and porosity) as proposed by Horn and Kutilek (2009) . Although the effects of structural changes of the soil on crop yield can be observed, this is not an easy task since the physical properties of the soil change over time and depend on their position in the soil profile (Mueller et al., 2009; Gonçalves et al., 2013; Guimarães et al., 2013; Munkholm et al., 2013 ).
Soil management changes over time and from one region to another. It is therefore a complex task to evaluate different management systems. This complexity has led to the use of a wide range of quantitative methods of analysis. Furthermore, the spatial variability of physical soil properties makes it difficult to represent the real situation (Tavares Filho et al., 1999; Neves et al., 2003; Llanillo et al., 2006; Fuentes-Llanillo et al., 2013; Silva et al., 2014; Tavares Filho et al., 2014) . These difficulties arise because most results are obtained from laboratory evaluations of random samples taken at specific depths, without taking the heterogeneous nature of the soil structure into account.
A method to evaluate and characterize the structural diversity of soils in temperate regions was developed by Gautronneau and Manichon (1987) . This method was later adapted for tropical soils by Tavares Filho et al. (1999) . It is based on visual examination of alterations in soil structure (degree of compaction, form and size of aggregates, and the presence of cracks within the structural units) brought about by agricultural use.
Studies have shown that this method of soil profile analysis can be helpful in qualitative evaluation of soil management (Coulomb et al., 1993; Roger-Estrade et al., 2000b; Mueller et al., 2009; Mueller et al., 2013; Munkholm et al., 2013; Guimarães et al., 2013; Tavares Filho et al., 2014; Boizard et al., 2016) . It enables researchers to establish links between soil structure and other factors, such as root development (Roger-Estrade et al., 2000a; Mentges et al., 2016) , the availability and distribution of minerals (Vizier et al., 1995) , and hydrodynamic characteristics (Mentges et al., 2016) .
Soil profile analysis also allows visualization of soil compaction and can help in collection of samples for laboratory analysis (Neves et al., 2003; Portella et al., 2012; Guimarães et al., 2013; Silva et al., 2014; Tavares Filho et al., 2014; Boizard et al., 2016) . This method is an important diagnostic tool for field use, especially when studying soil compaction problems (Neves et al., 2003) . However, because this method is primarily qualitative, it can be difficult to analyze and compare the results obtained in different experiments (Tavares Filho et al., 1999) . It is therefore necessary to consider the concept of soil intensity properties in which the properties and process of dynamics produce variations in time and space (Horn and Kutilek, 2009; Mentges et al., 2016; Reichert et al., 2016 Hydraulic conductivity is a soil property that depends on other soil properties, such as pore size distribution, texture, drainable porosity, and soil bulk density. Therefore, it can be used to identify structural differences between the soil layers and diagnose and quantify the changes imposed by environmental and anthropogenic factors on the internal structure of the soil and its functional properties or processes .
Our hypothesis is that a profile with a given sequence of structures under a given management system, classified by the profil cultural method (Tavares Filho et al., 1999; Boizard et al., 2016) , may have different physical hydraulic behaviors. Thus, the aim of this study was to evaluate hydraulic conductivity and soil physical properties (soil bulk density, and macro-, micro-and total porosity) in the structures identified by the profil cultural method in Oxisol soils under two contrasting management systems (perennial pasture and sugarcane).
MATERIALS AND METHODS

Characteristics of the soil and study area
The two land management systems studied (perennial pasture and sugarcane) were located in the northwest of the Brazilian state of Parana (23° 06' 46" S, 51° 31' 55" W, elevation 370 m). The climate in this region is predominantly subtropical, with warm summers (Köppen classification system -Cfa) and mean temperatures below 18 °C (mesothermal) during the coldest month and above 22 °C during the warmest month. Parana is also subject to warm summers and infrequent frosts. Rainfall tends to be a summer phenomenon, and there is no clearly defined dry season (Caviglione et al., 2000) .
The soil in the areas studied was classified as an Oxisol (Brazilian classification: Latossolo Vermelho-Amarelo distrófico típico); particle size analysis is shown in table 1. The material of origin consisted of weathered residues from the Caiuá Sandstone Formation within the São Bento Group from the Cretaceous period (Viana et al., 2011) . The slope was approximately 4 %. Both areas (perennial pasture and sugarcane) were located in the upper third of the slope and were separated by a road (width of 0.20-0.25 m).
Plot characteristics
Two adjacent 20 ha plots were selected based on how well they represented the region under study, their proximity within the same micro-watershed, and their common soil classification. The first plot had been under pasture (Brachiaria brizantha Hochst Stapf) for 30 years, with a stocking rate of 1.4 head of cattle per hectare under continuous grazing and annual burning of plant residue to stimulate pasture regrowth. The second plot had been under sugarcane for 10 years, preceded by 20 years under pasture (Brachiaria brizantha Hochst Stapf), with a stocking rate of 1.2 head of cattle per hectare under continuous grazing and annual burning of plant residue to stimulate pasture regrowth. The conventional method of plowing and disking was used to prepare the soil for planting sugarcane. Vinasse was applied annually in the planting furrow (120 m 3 ha -1 ) in November. The sugarcane was manually harvested after burning plant residues. 
Soil profile analysis
Three pits (1.00 m deep, 0.80 m wide, and 1.20 m long) were dug in each plot. In each pit, the structures resulting from management were determined using the profil cultural method (Gautronneau and Manichon, 1987) adapted by Tavares Filho et al. (1999) (Figure 1 ).
Soil physical analysis
The profil cultural was studied to discover the organization of the homogeneous morphological structural units (Figure 1 ), and then unsaturated hydraulic conductivity (Ki) was measured in situ using a triple-ring infiltrometer at multiple suctions (Ankeny et al., 1991; Mathieu and Pieltain, 1998) . Three soil water potentials were applied (0.03, 0.6, and 1.0 kPa) to each structural volume of soil described ( Figure 1a ) by the profil cultural method to check whether there were differences in infiltration and which pore classes were affected by the management system (Mathieu and Pieltain, 1998) .
Unsaturated hydraulic conductivity (Ki) was calculated using Wooding's equation (1968):
where: q 0 is the steady state flow based on the trace as a function of the cumulative infiltration flow time; Ø 0 is the potential matrix flow (mm); k (mm s -1 ) is the hydraulic conductivity at a pressure of h 0 (mm); and r (mm) is the radius of the disk used. Using two disks of different radii (r 1 and r 2 ) (Mathieu and Pieltain, 1998) , we can determine the values of the steady state flows q 01 and q 02 under the same initial hydraulic conditions (ϴ n ) and at the same pressures (h 0 ) applied to the surface, giving:
Six samples were collected (two samples for each structural volume of soil described [ Figure 1a ] in each pit) with an internal volume of 98.17 cm 3 (0.05 m diameter × 0.05 m height) to determine soil bulk density (BD), total porosity, microporosity (pores 0.05 mm or less in diameter [Richards, 1965] ) according to the tension table method (Claessen, 1997) , and macroporosity (pores 0.05 mm or more in diameter [Richards, 1965] ) according to the difference between total porosity and microporosity.
Data analysis
Data analysis was conducted for each plot (perennial pasture and sugarcane). Data were grouped for each volume of soil described (Figure 1a) , the standard error was calculated, and after verifying data normality, the F-test (analysis of variance) and the Tukey test (comparison of means) were run at 5 % probability on the results for unsaturated hydraulic conductivity, soil bulk density, and porosity of the structures identified by the profil cultural method. Soil bulk density (BD), porosity (TP, Ma, and Mi), and unsaturated hydraulic conductivity (Ki) of the structures identified in the soil profile.
RESULTS
Soil profile
The BD and porosity (TP, Ma, and Mi) of each structure described in the soil profiles of the two management systems examined are shown in table 2. Examining each structure separately (CΔ, Fma/gtΔμ, and Cμ in the pasture profile and Lma/gtΔμ, CΔ, and Cμ for the soil profiles under sugarcane), differences in BD and porosity (TP, Ma, and Mi) values were observed at 5 % probability in two profiles. The general trend in BD for the structures under perennial pasture and sugarcane was CΔ>F and Lma/gtΔμ>Cμ; the trend for porosity (TP and Ma) was Cμ>F and Lma/gtΔμ>CΔ, and the trend for Mi was CΔ>F and Lma/gtΔμ>Cμ. The average Bd, TP, Ma, and Mi for both profiles studied (Table 2) were the same at 5 % probability.
Examining each structure separately (CΔ, Fma/gtΔμ, and Cμ in the pasture profile and Lma/gtΔμ, CΔ, and Cμ for the soil profiles under sugarcane) (Table 3) , Ki results were (1) Stratification of clods in the soil profile: C (Continuous), F (Cracked), and L (Loose), and Homogeneous morphological internal state of the clods: Δ (No structural porosity visible), Δμ (Some structural porosity visible), and μ (High structural porosity). ma and gt: means for medium (0.06-0.10 m diameter) and large (>0.10 m diameter) clods. ** Uppercase letters differentiate structure for soil use and the general mean for soil uses; lowercase letters differentiate the soil water potential within each structure for each soil use (Tukey, p<0.05). the same at 5 % probability for the three soil water potentials studied. However, upon comparing the structures at each soil water potential individually (0.03, 0.3, and 1.0 kPa), differences in Ki values were observed. The CΔ structure exhibited the lowest Ki and the Cμ structure the highest Ki in two profiles (pasture and sugarcane), and the trend for Ki was Cμ>F and L ma/gtΔμ>CΔ. The average Ki for both profiles studied (Table 3) were the same at 5 % probability.
DISCUSSION
Soil profile
We know that in agricultural systems, structural changes in soil induced by mechanized farming or grazing generally do not affect the volume of the Ap horizon homogeneously. However, using the profil cultural method, we were able to evaluate the soil profile of the surface up to a 1.00 m depth and determine the structures under tillage (sugarcane) and grazing (Figure 2 ). The results show that different management systems in Oxisols have resulted in a specific distribution of structures, with different structural characteristics in the soil profile, as has also been shown by Giarola et al. (2010) and Guimarães et al. (2013) . After compaction, the occurrence of clods in state Dμ (in the process of compaction, with some structural porosity visible; see figure 1b) at depths from 0.15 to 0.30 m was most likely caused by the presence of grass roots (Brachiaria decumbens in this case) over the 30-years period. Correchel et al. (1999) found that the formation of a less compact structure occurred when the grass roots (Brachiaria-decumbens) occurred because there was a tendency for the aggregates to be less angular and rough. Grass root may increase the amount of soil organic matter and biological activity, and that may improve the quality of the soil structure (Horn and Peth, 2009; Mentges et al., 2016; Reichert et al., 2016) . However, Tavares Filho et al. (1999) , Portella et al. (2012) , Fuentes-Llanillo et al. (2013) , and Silva et al. (2014) reported that the presence of these Dμ internal states indicates a non-critical drop in macroporosity (caused by the onset of compaction). Furthermore, these authors state that the Dμ internal state would continue to evolve into D units if this kind of soil usage continued. However, our results show that this is probably not the case in our soils because 30 years of continuous use in the same way should create a fair balance among the processes that characterized minimal entropy production. Reichert et al. (2016) , studying a no-till area, considered that the soil became "quasi-stable" after 14 years, which may indicate that the soil in our study is also in "a state of minimal entropy" ("a quasi-stable situation").
In the sugarcane area, the structural changes in the soil in the 10 years of cultivation with plowing and disking, plant residue burning, and manual harvesting resulted in the following structures: Lma/gtΔμ (0.00-0.22 m) → CΔ (0.22-0.55 m) → Cμ (>0.55 m). These results are in line with those reported by Viana et al. (2011) , working with an Oxisol (Latossolo Vermelho) under different management systems, and Baquero et al. (2012) , working with an Oxisol under sugarcane. The occurrence of the LΔμ structure (loose and some structural porosity visible, see figure 1 ) at depths of 0.00-0.22 m and the CΔ structure (continuous and no structural porosity visible, see figure 1 ) at depths Rev Bras Cienc Solo 2017;41:e0160503 of 0.22-0.55 m was most likely due to the use of heavy machinery during cultivation (formation of the LΔμ structure) and harvest (transportation) (formation of the CΔ structure) over 10 years. Vehicles used to carry the harvest weigh from 12 to 14 metric tons when loaded (Viana et al., 2011) , and heavy machinery is used intensively during the harvest season (Baquero et al., 2012) .
Unlike soil management with grazing and also unlike the proposal of Reichert et al. (2016) that considered the soil "quasi stable" after 14 years, it can be considered that this soil with 10 years under sugarcane does not have the right balance between the processes that characterize a minimum production of entropy. However, the internal states of the clods (with decreased macroporosity, caused by compaction) may continue to evolve into "Δ" units if this type of land use continues, as indicated by Tavares Filho et al. (1999) , Portella et al. (2012) , Fuentes-Llanillo et al. (2013), and Silva et al. (2014) .
Unsaturated hydraulic conductivity (Ki), soil bulk density (BD) and porosity (TP, Ma, and Mi) of the structures identified in the soil profile.
Hydraulic conductivity was used to characterize the structural differences between soil layers determined by the profil cultural and thus to diagnose and quantify the changes imposed by environmental and anthropogenic factors on the internal structure of the soil and its functional properties or processes . As hydraulic conductivity (intensity property) is a property that depends on bulk density and soil porosity (capacity properties), these properties have been determined and have shown that the Fma/gtΔμ (perennial pasture) and Lma/gtΔμ (sugarcane) structures differ from the CΔ and Cµ structures, both for density and for porosity (TP, Ma, and Mi) under the two land uses, which is in agreement with Tavares Filho et al. (1999) , Silva et al. (2000) , Folegatti et al. (2001) , Neves et al. (2003) , Llanillo et al. (2006) , Portella et al. (2012) , and Fuentes- Llanillo et al. (2013) . This indicates that field description prior to sampling to determine the capability properties (soil density and porosity) is very important for interpreting the data when we want to assess the physical state to diagnose and quantify the changes imposed by environmental and anthropogenic factors on the internal structure of the soil and on its functional properties or processes with respect to plant development (Fuentes-Llanillo et al., 2013) . ). This is reflected in the lower porosity of the Cμ soil, indicating that we determined values that correspond to the internal state of the Δμ clods (Figures 1 and 2 ). This was because the volume of the rings used to evaluate BD was 98.17 cm 3 and was therefore probably insufficient to encompass the volume of cracks which occurred in the organization of clods in soil profiles L and F (Figures 1 and 2 ) when the sample was taken for laboratory analysis.
The comparison between the averages of the BD, TP, Ma, and Mi for the two profiles studied (Table 2) , without considering the structures, clearly showed that there were no differences between the data. However, it has already been said that the profile under 30 years of continuous pasture use is in a "state of minimal entropy" . In contrast, it seems that this is not the case for the 10-years profile of sugarcane. Considering that this profile was used for grazing for 20 years before being used for sugarcane, considering that the rings used to evaluate BD had only 98.17 cm 3 , and considering that the soil aggregates are the forming units (and thus reflect the behavior of the estructure), we are probably still determining the aggregate values that were formed under the 20 years of grazing and the 10 years of management with sugarcane were not sufficient to promote changes in the values of BD and porosity.
Perhaps the time of use of the soil with sugarcane after grazing, combined with temporal and spatial variability of the soil, was not sufficient to induce a change in the aggregates.
Rev Bras Cienc Solo 2017;41:e0160503 Thus, we can consider that there is some difficulty in considering soil density as an indicator of the physical quality of these soils under sugarcane (Tormena et al., 2007; Cecagno et al., 2016) The results for the BD and porosity of the structures identified in the soil profile confirmed the Ki results (Table 3) ), is not significantly different at 5 % probability.
Under pasture, the Ki differed from the results obtained by Cardoso et al. (2011) (Ks = 194 mm h -1 ) who worked with natural pastureland in the Brazilian state of Mato Grosso. However, considering the stratification in the organization of clods found in the soil profile (Figure 1a) , the low infiltration may be due to surface runoff. Furthermore, evapotranspiration is more likely to occur because the way the clods are organized facilitates water loss on hot days, which means that plants will be affected by poor rainfall distribution. Under sugarcane, the Ki differed from the results reported by Lyra et al. (2003) (Ks ~207 mm h -1 ), who studied a soil toposequence fertigated with vinasse in order to understand the contribution made by groundwater to water quality. If we consider the stratification of the clods found in the soil profile (Figure 1b) , the surface profile under the sugarcane did not seem to be blocked, because there were larger discontinuity pores in volume L (Figure 1 ) so that water could seep in. However, it accumulated at this point, and there was practically no runoff. Furthermore, it did not boost evapotranspiration, because there was no pore continuity. The plant is therefore less affected by the problem of poor rainfall distribution.
The general trend for Ki values in soils under continuous grazing and sugarcane was found to be Cμ>Fma/gtΔμ -Lma/gtΔμ>CΔ at the three water potentials. As infiltration was determined at three different potentials, the results indicate lower macroporosity in CΔ than in Fma/gtΔμ -Lma/gtΔμ, with the highest macroporosity in Cμ (Table 3) . These findings are in line with those of Neves et al. (2003) , Baquero et al. (2012) , Portella et al. (2012) , and Fuentes- Llanillo et al. (2013) and confirmed our field observations (Figures 1 and 2 ).
CONCLUSIONS
Each soil management type resulted in a specific distribution of structures in the soil profile.
The hydraulic conductivity of the soil under pasture and sugarcane did not differ, but the distribution of structures under a given management system does result in specific hydraulic conductivity in the soil profile.
Morphologically similar clods behave the same way, regardless of physical manipulation.
The determinations made from the 98.17 cm 3 rings showed the density and porosity of the soil and, consequently, the hydraulic conductivity. This corresponds to the internal state of the clods, without including the volume of cracks (inter-aggregate porosity), observed in analysis of clod organization in the profil cultural of the soil.
